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Abstract
Tobacco smoking and nicotine exposure during adolescence interfere with 
prefrontal cortex (PFC) development and lead to cognitive impairments in 
later life of which the molecular and cellular underpinning remains elusive. 
We find that adolescent nicotine exposure induces lasting attentional dis-
turbances correlating with reductions in mGluR2 protein and function on 
presynaptic terminals of PFC glutamatergic synapses, which alter short-
term plasticity. Restoring mGluR2 activity in vivo by local infusion of a 
group II mGluR agonist in adult animals that received adolescent nicotine 
rescued attentional disturbances. 

Introduction
Increased risk-taking and reckless behaviour of adolescents has been 
linked to late development of brain areas involved in executive cognitive 
functioning such as the prefrontal cortex (PFC)(Casey et al, 2005), which 
shows dynamic changes in grey and white matter proceeding late into 
adolescence. Adolescence also marks a period of increased vulnerability 
to initiation and subsequent abuse of drugs including tobacco smoking 
(Chassin et al, 1996). Nicotine exposure during adolescence interferes 
with PFC development (Slotkin, 2004) and has long-lasting consequences 
for cognitive performance (Jacobsen et al, 2005; Jacobsen et al, 2007; 
Mathers et al, 2006). In line with human epidemiological data, nicotine ex-
posure in adolescent rats has long-term cognitive consequences. Indeed, 
most adult smokers start their habit before the age of 19 years, and more 
than 70% of adolescents report to have tried a cigarette at least once 
(WHO-Europe, 2004). Nicotine, acting on nicotinic acetylcholine receptors, 
hampers PFC function and may interfere with PFC maturation, altering 
structure and function that persist into adulthood. In adolescent smokers, 
PFC activity, working-memory and attention are reduced (Jacobsen et al, 
2005; Jacobsen et al, 2007). In later life, behavioral disturbances and 
mental health problems are strongly correlated with adolescent nicotine 
use (Mathers et al, 2006). What mechanisms underlie these long-term 
consequences of nicotine exposure during adolescence is unclear. 

Results
To uncover molecular and cellular mechanisms underlying long-term cog-
nitive disturbances resulting from adolescent nicotine exposure, we ex-
posed adolescent rats to nicotine and assessed visuospatial attention, pro-
tein expression and synaptic physiology in PFC during adulthood. Between 
postnatal day (P) 28 and 50, rats show typical adolescent-like behaviours, 
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such as peer-directed and risk-taking behaviour and altered sensitivity to 
drugs of abuse (Spear, 2000). Similar to findings from human epidemio-
logical data, adolescent nicotine exposure in rats has long-term effects on 
attentional parameters (Counotte et al, 2009). The 5-choice serial reac-
tion time task (5-CSRTT) is the most widely employed translational para-
digm that has tremendously contributed to our understanding of the neu-
ral correlates of attention and impulsive action (Pattij and Vanderschuren, 
2008; Robbins, 2002). Nicotine treatment during adolescence (P34-43) 
increased impulsive behaviour (p=0.042), and impaired attention (7%, 

Figure 1. Adolescent nicotine exposure affects attentional performance 
mGluR2 levels and function on the long term. (a) Attention (accuracy; left) 
scores (average 5 baseline sessions, see methods) and impulsivity scores (right) 
measured 5 weeks after adult or adolescent nicotine exposure. (b) Quantification 
of immunoblot analysis of synaptic mGluR2 expression. (c) Averaged EPSCs before 
(black) and after LY379268 (gray) application in mPFC pyramidal neurons of adult 
rats that were adolescent nicotine- or saline-exposed. (d) Modulation of eEPSC am-
plitude by LY379268. Average EPSC amplitudes in saline- or nicotine-treatment in 
control (left; saline=210.20±13.28 pA, n=15; nicotine=200.59±17.79 pA, n=22) 
and presence of LY379268 (right; saline=77.96±5.88 pA, nicotine=99.66±10 pA, 
p=0.021). Average (e) and time course (f) of mGluR2/3-dependent inhibition of 
eEPSC amplitudes in adolescent nicotine-treated animals (e; saline 62.38±2.02%, 
n=15; nicotine=50.23±3.04%, n=22, p<0.005), and in adult nicotine-treated ani-
mals (e, saline=52.95±4.26%, n=22; nicotine=59.46±2.59, n=26). (f) LY379268 
in adolescent nicotine- (black) or saline-exposed animals (gray). Mean±SEM is 
presented. **p<0.01, *p<0.05, #p<0.1.
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p=0.015) in adulthood following five weeks of abstinence (Counotte et 
al, 2009) (Figure 1A). The latter is comparable to the decrease (3-4%) in 
visuospatial attention observed in male adolescent smokers (Jacobsen et 
al, 2005; Jacobsen et al, 2007). Increasing attentional load augmented 
the difference between these groups (Supplemental Figure 1). In contrast, 
adult nicotine exposure (P60-69) did not have these long-term conse-
quences. Thus, in rats nicotine exposure during adolescence has profound 
impact on attention and impulsive behaviour later in life. 
 Visuospatial attention in the 5-CSRTT strongly depends on the in-
tegrity of the medial PFC (mPFC) (Dalley et al, 2004). Synaptic connec-
tivity and dynamics of neuronal interactions in mPFC underlie attentional 
processes. To investigate whether long-term molecular changes were in-
duced in synaptic connectivity in mPFC by adolescent nicotine exposure, 
we performed iTRAQ-based quantitative proteomics of synaptic mem-
brane fractions of rat mPFC. Synaptic protein levels from animals exposed 
to either nicotine or saline during adolescence (P34-43) were quantified 
one day after nicotine exposure ended (P44), as well as after five weeks 
of abstinence (P78). From 297 unique proteins reliably quantified at these 
two time points (Supplemental Figure 2), nine synaptic proteins were 
significantly affected by age and pretreatment (Supplemental Table 1), 
indicating that adolescent nicotine exposure altered the developmental 
expression profile of these proteins. Post-hoc analyses revealed three 
significantly regulated proteins five weeks after nicotine pre-treatment 
in adolescents (P78) of which only mGluR2 could be confirmed by im-
munoblotting (p=0.048; Figure 1, Supplemental Figure  2, Supplemental 
Figure 3). In contrast, nicotine exposure during adulthood (P60-69) did 
not alter synaptic protein levels of mGluR2, neither after one day, nor af-
ter five weeks of abstinence. These findings show that in mPFC, synaptic 
metabotropic glutamate receptor protein levels are altered specifically by 
adolescent and not adult nicotine exposure. We next studied functional 
consequences of down-regulation of synaptic mGluR2 protein levels after 
adolescent nicotine exposure for mPFC glutamatergic synaptic function 
in adulthood. Activation of mGluR2s in developing somatosensory cortex 
suppresses glutamatergic transmission (Mateo and Porter, 2007). Similar-
ly, in adult mPFC, activation of mGluRs by the group II agonist LY379268 
(5 μM) strongly reduced extracellular evoked excitatory postsynaptic cur-
rents (eEPSCs) in whole-cell recordings from mPFC layer V pyramidal 
neurons (Figure 1C). These mGluR2 receptors were most likely localized 
on presynaptic glutamatergic terminals, since LY379268 increased paired-
pulse ratio of eEPSCs and reduced miniature EPSC amplitudes recorded 
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in the presence of TTX (1 μM) (Supplemental Figure 4). In pyramidal 
neurons from P78 animals, five weeks after adolescent nicotine exposure, 
mGluR2/3 activation reduced eEPSC amplitudes to a lesser extent than 
in those from saline-treated animals (p=0.021) (Figure 1C-E). Despite a 
similar time course of eEPSC amplitude reduction in both groups (Figure 
1D), synaptic inhibition (Figure 1E,F; p=0.005), in line with reduced syn-
aptic mGluR2 protein expression (Figure 1B). In adult nicotine-treated 
animals, eEPSC amplitude showed a similar reduction by LY379268 com-
pared with their saline-treated controls, in line with unaltered synaptic 
mGluR2 protein levels. 
 Synaptic group II mGluRs have been implicated in short-term plas-
ticity of glutamatergic synapses in cortical areas, and short-term depres-
sion and facilitation strongly shape information transfer in cortical net-

Figure 2. Short-term de-
pression in mPFC is re-
duced 5 weeks after 
nicotine exposure during 
adolescence. (a,d) Exam-
ple of short-term plasticity 
recorded from adolescent 
nicotine- or saline-exposed 
animals. Average of last 3 
responses in the train was 
normalised to the first one 
for analysis. b) Summary of 
short-term depression dur-
ing 10 stimuli (25, 50, 100, 
150, 200 ms intervals), mea-
sured in adolescent-treated 
(left panel, F(1,137)=21.6 
p<0.001, saline n=10-26, 
nicotine n=10-23) and adult-
treated animals (right panel 
F(1,255)=4.57 p=0.033; 
saline n=24,nicotine n=31). 
c) mGluR group II/III antag-
onist MPPG reduces short-
term plasticity in mPFC 
layer V pyramidal neurons 
(F(2,124)=7.03 p=0.012; 
control n=11, MPPG 100 
μM n=10-11, MPPG 200 μM 
n=6). Mean±SEM is pre-
sented.
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works. We tested whether reduction in synaptic mGluR2 levels following 
adolescent nicotine exposure affected short-term plasticity of glutamater-
gic synapses in adult mPFC (Figure 2). Five weeks abstinence following 
adolescent nicotine exposure resulted in less depression of mPFC gluta-
matergic synapses compared with their saline-treated controls (Figure 
2B; p<0.001). This corroborated the observed reduced synaptic mGluR2 
protein levels in adolescent nicotine-treated animals. Nicotine exposure 
during adulthood (P60-69) did not reduce synaptic depression (P104), 
but instead resulted in a slight increase of depression at short intervals 
(Figure 2B; p=0.033). The group II mGluR antagonist MPPG (100-200 
μM) reduced short-term depression (p=0.012; Supplemental Figure 5), 
and the group II mGluR agonist LY379268 altered short-term depres-
sion (p<0.001), confirming that mGluR2s are involved in synaptic de-
pression at these synapses. Thus, adolescent nicotine exposure resulted 
in reduced synaptic mGluR2 signalling and short-term plasticity on mPFC 
output layer V pyramidal neurons after five weeks of abstinence, and may 
explain reduced mPFC functioning and disturbances in attention. 
 To determine whether these reduced synaptic mGluR2 protein 
levels can indeed explain the observed decrements in attention, we in-
creased mGluR2 activity in vivo by infusing LY379268 into the mPFC dur-
ing behavioral testing (Figure 3). Adolescent nicotine exposure reduced 
attention (cf. Figure 1, Supplemental Figure 6, Supplemental Table 2), 
and LY379268 selectively improved attention in nicotine-treated animals 

Figure 3. Intra-mPFC infusion of mGluR2/3 agonist LY379268, reverses 
long-term attentional deficits in adolescent nicotine-exposed animals. 
(a) LY379268 normalised the nicotine-incuced attentional deficit (accuracy) in 
adolescent nicotine-exposed animals (dose F(1,10)=4.08, p=0.033), with no ef-
fect on adolescent saline-exposed animals (dose F(1,10)=1.71, n.s.). (b) Im-
pulsivity was not affected in adolescent nicotine-exposed animals by LY379268 
(dose F(1,10)=0.61, n.s), but was increased in saline-exposed animals (dose 
F(1,10)=4.98, p=0.018). Mean±SEM is presented.
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in a dose-dependent manner (Figure 3A; p=0.033). This indicates that 
augmenting mGluR2 activity in adult animals exposed to nicotine dur-
ing adolescence –associated with reduced synaptic mGluR2 levels and 
function– can restore disturbances in attention. Infusion of LY379268 in 
mPFC did not ameliorate impulsivity in these animals (Figure 3B), indi-
cating that mGluR2 activity affects attention and impulsivity differentially 
(Supplemental Table 2). At moderate concentrations, LY379268 increased 
impulsivity in adolescent saline-treated animals, emphasizing that these 
behavioral domains are under differential control by the mPFC (Robbins, 
2002; Chudasama et al, 2003). 

Discussion
This study uncovers molecular and cellular changes induced by adolescent 
nicotine exposure that result in cognitive disturbances in adult life and re-
veals that a lasting down-regulation of mGluR2 on presynaptic terminals 
of glutamatergic synapses in PFC persists into adulthood causing distur-
bances in attention. Decreased mGluR2 functionality reduced short-term 
plasticity of glutamatergic inputs to PFC output layer V pyramidal neurons 
and thereby most likely alters information transfer in active networks 
underlying attention (Zucker, 1989). Restoring mGluR2 activity in vivo in 
the PFC of adult animals exposed to nicotine during adolescence restored 
these disturbances in attention. 
 Our findings stress that nicotine impacts the brain in different ways 
during adolescence. Although nicotine has acute behavioral effects on at-
tention in adult rats (Pattij and Vanderschuren, 2008), the adult mPFC 
does not seem to suffer from lasting consequences from nicotine expo-
sure. Cognitive performance, synaptic mGluR2 protein levels and gluta-
matergic synaptic depression were all unaffected by nicotine exposure 
during adulthood. Thus, this clearly pinpoints adolescence as a period 
of increased vulnerability for the effects of nicotine. Not only from a be-
havioral, but also from a molecular point of view, the adolescent brain is 
more susceptible to consequences of nicotinic receptor activation. What 
sequence of molecular events ties nicotine exposure to altered synaptic 
mGluR2 protein levels is as yet unknown. Nicotine easily penetrates the 
blood-brain barrier at concentrations experienced by smokers and readily 
binds to nAChRs in PFC to enhance glutamatergic and GABAergic synaptic 
transmission. Perhaps elevated mGluR2 levels following nicotine expo-
sure at the end of adolescence compensate for nicotine’s actions and in-
hibit neurotransmitter release. Regardless, altered glutamatergic synaptic 
transmission in mPFC plays a key role in attention and impulsivity and 
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altered mGluR2 levels have been linked to several brain disorders. The 
sustained molecular and synaptic changes that result from nicotine ex-
posure during adolescence and alter cognitive performance during adult-
hood may prompt us to reconsider our views on the aetiology of attention 
deficits. 
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Supplemental Results, Figures, Tables, and Material & Meth-
ods

Results and Discussion
In order to further determine the effects of adolescent nicotine pretreat-
ment on attentional performance, we increased the attentional load by 
shortening the stimulus duration from 1 to 0.7, 0.5 and finally 0.3 s (Sup-
plemental Figure 1A). This resulted in a significant effect of treatment for 
the adolescent nicotine-exposed group (F(1,20)=6.151, p=0.022), and a 
trend for interaction of treatment and attentional load (F(2.7,54.9)=2.030, 
p=0.125). Furthermore, we increased the inter-trial interval from 5 to 7 
s to increase impulsive action (Bari et al, 2008) (Supplemental Figure 
1B). This resulted in a significant effect of treatment for the adolescent 
nicotine-exposed group (F(1,21)=4.909, p=0.038), and a trend towards 
interaction of treatment and attentional load (F(1,21)=2.947, p=0.101). 
 iTRAQ-based proteomics is a sophisticated technique to tag syn-
aptic and synapse-associated proteins with isobaric tags (iTRAQ-labels), 
combined with two dimensional liquid chromatography and tandem mass 

Supplemental Fig-
ure 1. Manipulation 
of task parameters 
in the 5-CSRTT fol-
lowing adolescent 
nicotine exposure. 
Increasing the at-
tentional load (a) by 
decreasing the stimu-
lus duration (SD), or 
increasing motor im-
pulsivity (b) by aug-
menting the inter-trial 
interval (ITI) showed 
an effect on the ado-
lescent nicotine-ex-
posed group. SD_0.3 
and ITI_7 resulted in 
an even poorer atten-
tional performance 
(a, p=0.0076) and in-
creased motor impul-
sivity (b, p=0.0091). 
**p<0.01, *p<0.05.
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Supplemental Figure 2. iTRAQ proteomics and immunoblotting for adoles-
cent nicotine-induced changes. (a) One day (P44N-S) or five weeks (P79N-S) 
following adolescent or adult nicotine exposure, synaptic membrane fractions of 
mPFC were analysed using iTRAQ proteomics and number of significant proteins 
are indicated (proteins with significant age x drug interaction, and those signifi-
cantly regulated). (b) Relative expression of 9 proteins showing significant age 
x drug interaction. (c-h) Synaptosomal fractions were isolated from the mPFC of 
these animals, and analyzed by immunoblotting using antibodies against mGluR2 
(c,d), NMDA receptor subunit GluN1 (e,f) and GluN2B (g,h). Quantification of the 
optic density (d,f,h) showed significant difference p=0.048) for mGluR2 (d), and 
a trend (p=0.051) towards downregulation of GluN2B (h), with no regulation for 
GluN1 (f) five weeks following adolescent nicotine exposure, as was observed 
with iTRAQ-proteomics. Other very small (<10%) but significant differences that 
were observed with iTRAQ-proteomics were not replicated using immunoblotting. 
*p<0.05, #p<0.1.
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spectrometry (2D LC-MS/MS), and allows to study subtle changes in pro-
tein expression (Van den Oever et al, 2008). We have used this technique 
to study synaptic protein changes in PFC of animals exposed to nicotine 
during adolescence. Synaptic protein levels from animals exposed to ei-
ther nicotine or saline during adolescence (P34-43) were quantified one 
day after nicotine exposure ended (P44), as well as after five weeks of 
abstinence (P78). Unique proteins (297 total) were reliably quantified at 
these two time points (Figure 1c). Nine synaptic proteins were significant-
ly affected by age and pretreatment (Supplemental Figure 2A,B, Supple-
mental Table 1; 4 independent experiments), indicating that adolescent 
nicotine exposure altered developmental expression profile of these pro-
teins. Post-hoc analyses revealed 7 synaptic proteins significantly regu-
lated at P44, (p<0.05; Supplemental Figure 2B). At P78, three proteins 
were significantly regulated: mGluR2, GluN2B and GluN1. Differences in 
GluN1 and GluN2B protein levels were small and could not be confirmed 
by immunoblot analyses (Supplemental Figure 2E-H). Protein levels of 
AMPA receptors GluA1-3 were unaltered (Supplemental Table 1), and no 
differences in AMPA-R/NMDA-R current ratios were observed in mPFC py-
ramidal neurons of these animals (Supplemental Figure 3), suggesting 
that NMDA receptor function was not altered in mPFC pyramidal neurons. 
After five weeks of abstinence, synaptic mGluR2 protein levels showed 
the largest reduction and this was confirmed by immunoblot analysis of 

Supplemental Figure 3. Adolescent nicotine exposure does not alter AM-
PA-R/NMDA-R current ratios. AMPA- and NMDA-mediated receptor currents 
were recorded from layer V mPFC pyramidal neurons from animals exposed to 
nicotine or saline during adolescence. Left: Example traces of eEPSCs at -80 mV 
(AMPA) and +40 mV (NMDA) holding potentials. Shaded rectangular areas indi-
cate where measurements were taken to determine AMPA and NMDA receptor 
current amplitudes. Right: Despite differences at trend level in the expression of 
GluN1 and GluN2B protein (cf. Supplemental Figure 2), the AMPA-R/NMDA-R cur-
rent ratios in adult animals exposed to nicotine as adolescents were unchanged 
compared with their saline controls (b, nicotine n=19, saline n=18).
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synaptic mGluR2 levels in an independent group of animals (p=0.048; 
Figure 1, Supplemental Figure 2C,D). In contrast, nicotine exposure dur-
ing adulthood (P60-69) did not alter synaptic protein levels of mGluR2, 
neither after one day, nor after five weeks of abstinence. 
 Similar to the role of mGluR2 in the developing somatosensory 
cortex, activation of group II mGluRs suppresses glutamatergic transmis-
sion in the mPFC as well. mGluR2 receptors are most likely localized on 
presynaptic glutamatergic terminals, since the mGluR2/3 specific agonist 

Supplemental Figure 4. mGluR2 modulates EPSCs through a presynaptic 
action. (a) Activation of mGluR2 reduces eEPSC in layer V pyramidal. Average re-
sponses of 10 to consecutive stimuli in control and the mGluR2/3 selective agonist 
LY379268. Arrows show the time points of extracellular stimulation). Summary 
of eEPSC amplitudes are shown in the right panel (Control=210.2±13.28 pA, 
LY379268=77.96±5.88, n=15, p<0.01). (b) Paired-pulse ratio (PPR) increases af-
ter mGluR2 activation. Example traces of PPR at a 100 ms interstimulus interval in 
control conditions and in LY379268 (below). Average PPRs in control and LY379268 
are shown right (Control=0.75±0.03, LY379268=0.95±0.04, n=14, p<0.01). (c) 
In the presence of TTX (1 μM), mGluR2 activation reduces frequency of mEP-
SCs without altering amplitude or decay time constant (Control=13.55±1.65 Hz, 
LY379268=9.18±1.31 Hz, n=12, p<0.01). Upper panel: Example traces of spon-
taneous mEPSCs measured in the presence of 1 μM TTX and 1 μM gabazine in 
control conditions and after washing in LY379268. Left: summary data on fre-
quency, decay and amplitude of mEPSCs. Right: Time course of mEPSC frequency 
reduction after washing in LY379268, the histogram shows events binned per 5 
sec (n=12). **p<0.01.
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Supplemental Figure 5 Activation of mGluR2/3 by agonist LY379268 (5 
μM) reduces short-term plasticity in pyramidal neurons in layer V of the 
mPFC. Left: Example short-term plasticity traces recorded before and after ap-
plication of LY379268. Right: Activation of mGluR2/3 decreases short-term de-
pression at all stimulus intervals tested by reducing the first response in the train. 
Summary of short-term depression data before and after LY379268 application 
F(1,133)=51.48 p<0.001; control n=10-26, LY379268 n=7-22. Whereas both 
activation and blocking of mGluR2/3 lead to reduced short-term depression (Kil-
bride et al, 2001), the underlying mechanisms are different: the agonist strongly 
reduces the first response in the train, while antagonists mostly affect the last 
responses in the train.

LY379268 increased paired-pulse ratio of eEPSCs and reduced miniature 
EPSC amplitudes recorded in the presence of TTX (1 μM) (Supplemental 
Figure 4). 
 In addition, we analyzed short-term plasticity induced by trains of 
eEPSCs at different stimulation intervals (Figure 2). At stimulus intervals 
between 25 and 200 ms, eEPSC amplitudes decreased during stimulus 
trains (Figure 2A,B). The amount of eEPSC amplitude depression depend-
ed on the stimulus interval, with the strongest depression at short inter-
vals (Figure 2B,C). Not only inhibition, but also activation of mGluR2/3 by 
LY379268 changed the pattern of short-term depression (Supplemental 
Figure 5), confirming that mGluR2s are involved in synaptic depression in 
adult mPFC glutamatergic synapses.
 To determine whether reduced synaptic mGluR2 protein levels can 
indeed explain the disturbances in attention in the 5-CSRTT, we increased 
mGluR2 activity in vivo by bilaterally infusing the group II mGluR ago-
nist LY379268 into the mPFC during behavioral testing (Supplemental 
Figure 6). Post and pre-operation levels of attention and impulsivity re-
mained comparable, and as previously described, adolescent nicotine ex-
posure decreases accurate choice and increases impulsivity (Counotte et 
al, 2009).
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 Recent data indicate that glutamate might play an important mod-
ulatory role in visuospatial attention and impulsivity, particularly in the 
mPFC (Pattij and Vanderschuren, 2008). For example, intracranial (in-
tra-mPFC) blockade of NMDA receptors by 3-(R)-2-carboxypiperazin-4-
propyl-1-phosphonic acid (CPP) dose-dependently decreases attentional 
performance and increases impulsivity(Mirjana et al, 2004; Murphy et al, 
2005). In humans, administration of an NMDA antagonist while perform-

Supplemental Figure 6. Performance in the 5-CSRTT over five baseline 
sessions before the and after cannulae implantation. (a) As shown previ-
ously, adolescent but not adult nicotine exposure has long-term effects for cogni-
tive functioning (Counotte et al, 2009). Adolescent nicotine exposure decreases 
accuracy (upper panel), and increases impulsive impulsivity (lower panel). Atten-
tion (accuracy) was calculated as the percentage of correct responses over total 
correct and incorrect responses. Impulsive action is the number of responses 
during the ITI (premature responses). No differences in task acquisition were 
observed, nor were other behavioral parameters altered, indicating absence of 
differential effects on motivation or somatomotor activity. Depicted are means ± 
SEM of nicotine and saline pretreated adolescent animals. (b) Postmortem verifi-
cation of canula placement.
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ing an auditory attention task in an fMRI setting reveals reduced activity 
in the prefrontal cortex and anterior cingulate cortex (van Wageningen et 
al, 2009). Thus, this strengthens the notion of PFC glutamate involvement 
in attention. mGluRs have a more subtle role in modulating glutamate 
transmission (Bellone et al, 2008), which might explain why under normal 
conditions, administration of an mGluR2/3 antagonist has no significant 
effect on visuospatial attention (Semenova and Markou, 2007). In addi-
tion, in mice the mGluR2/3 agonist LY379268 tended to improve visu-
ospatial attention, but only in a strain of mice that exhibited poor levels of 
visuospatial attention (Greco et al, 2005). The latter observation is in line 
with our current findings, that infusion of LY379268 into the mPFC only 
improves visuospatial attention in adolescent nicotine exposed animals 
that already exhibited poorer performance levels. Our data strongly sug-
gest that downregulation of synaptic mGluR2 in the mPFC impairs visu-
ospatial attention, and that increasing the mGluR2 tone remediates these 
decrements in attention.
 In contrast, these ameliorative effects on visuospatial attention 
were not accompanied by decrements in impulsivity in adolescent nico-
tine-exposed animals. In fact, LY379268 increased impulsivity in adoles-
cent saline exposed animals. Although visuospatial attention and impul-
sivity are often correlated in the 5-CSRTT (Puumala et al, 1996), both 
lesion (Chudasama et al, 2003) and pharmacological (van Gaalen et al, 
2006a) studies highlight that these cognitive functions can be functionally 
dissociated (Robbins, 2002). Further support for this notion comes from 
a recent study showing that rats selected on trait impulsivity did not dif-
fer in terms of visuospatial attention (Dalley et al, 2007). Our data reveal 
a functional and causal relationship between mGluR2 downregulation in 
mPFC synapses following adolescent nicotine exposure and disturbances 
in visuospatial attention, whereas this relationship appears less clear-cut 
for impulsive behavior.
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Supplemental table 2 Behavioral parameters in the 5-CSRTT averaged 
over 5 baseline sessions. Both animals that were exposed to nicotine during 
and following adolescence were trained in the 5-CSRTT after five weeks of absti-
nence, but only the adolescent pretreated groups were implanted with intra-mPFC 
cannulae for intracranial infusion studies (see Supplemental Table 3). *p<0.05, 
#p<0.1.

Supplemental table 3 Behavioral parameters in the 5-CSRTT after intrac-
ranial infusion of LY379268 in the mPFC. Animals were pretreated with saline 
or nicotine during adolescence (Adol. Sal, Adol. Nic, respectively) and infused 
with saline, o.5 and 5.0 nmol mGluR2/3 agonist (LY379268).**p<0.01, *p<0.05, 
#p<0.1.

Materials and Methods
Animals
Timed-pregnant female Wistar rats arrived at 5 days of gestation (Harlan, 
Horst, The Netherlands) and were housed individually in Macrolon cages 
under standard conditions and a reversed day-night cycle (lights on from 
19.00-7.00). Upon delivery, litters were culled to 8 pups per mother and 
preferably consisted of males only, but only occasionally were matched 
with females. At postnatal day (P) 21, animals were weaned and housed 
two per cage. Only males were used in these experiments. During the 
course of behavioral testing, animals were food restricted to maintain 
85-90% of their free-feeding weight. Water was available ad libitum. For 
a small number of control experiments, 14 adult male Wistar rats were 
obtained directly from the breeder (Harlan, Horst, The Netherlands). All 
experiments were approved by the animal ethical committee of the Vrije 
Universiteit, Amsterdam, The Netherlands.

Nicotine exposure
A total of 220 rats were injected subcutaneously with either nicotine (0.4 
mg/kg, calculated as a base ((-)Nicotine hydrogen tartrate salt, Sigma, 
St. Louis, USA)) or saline three times a day (at 10 AM, 1 PM and 3 PM) 
for ten days. Nicotine was administered to half of the animals during 
adolescence (P34-43), whereas the other animals were exposed during 
adulthood (P60-69). The saline controls were littermates of the nicotine-
exposed animals in both age groups. Treatment of adult and adolescent 
animals occurred simultaneously for the molecular and behavioral work 
and five weeks later, when groups had reached adulthood, behavioral 
tests commenced, or animals were decapitated for proteomics or electro-
physiology experiments. All behavioral testing was carried out in the dark 
period under red light conditions. 
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Proteomics – tissue preparation
Animals were decapitated on P44 (the first day following nicotine ex-
posure) and P78 (five weeks following nicotine exposure). Their brains 
were removed and rapidly frozen in ice-cold isopentane and stored at 
–80° C until further use. The mPFC (infralimbic and prelimbic cortex) was 
removed freehand at –20° C from 1 mm thick coronal slices. Synaptic 
membranes were isolated from pools of 3 rats, as previously described 
(Li et al, 2007; Van den Oever et al, 2008). The experiment was repeated 
four times. In short, samples were homogenized in ice-cold 0.32 M su-
crose and then centrifuged at 1000x g for 10 min. The supernatant was 
loaded on top of a sucrose gradient consisting of 0.8 and 1.2 M sucrose. 
After centrifugation at 100,000x g for 2 h the synaptosome fraction at the 
interface of 0.85/1.2 M sucrose was collected and then lysed in hypotonic 
solution. The resulting synaptic membrane fraction was recovered by cen-
trifugation using the sucrose step gradient as stated above. The synaptic 
membrane fraction was collected from the 0.85/1.2 M interface and pro-
tein concentrations were determined using a Bradford assay (BioRad). For 
each sample, 75 μg of protein was used for iTRAQ labeling, and synaptic 
membrane fractions were dried in a speedvac overnight.

iTRAQ labeling, two dimensional liquid chromatography (LC), mass spec-
trometry (MS/MS) and protein identification and quantification were per-
formed as described previously (Li et al, 2007). 
iTRAQ labeling: Synaptic membranes were resuspended in 28 μl of dis-
solution buffer and 2 μl cleavage reagent (iTRAQ reagent kit, with 0.85% 
RapiGest (Waters associates) to solubilize synaptic membranes. After in-
cubation for 1 h, 1 μl of cys blocking buffer (Applied Biosystems) was 
added and vortexed for 20 min. Next, 10 μl of trypsin (Promega) dis-
solved in water was added and incubated ON at 37° C. Trypsinized pep-
tides were then tagged with iTRAQ reagents (115=P44 nicotine, 117=P44 
saline, 119=P78 nicotine and 121=P78 saline) dissolved in 80 μl ethanol. 
After incubation for 3 h, the four samples were pooled and acidified with 
10% TFA to pH 2.5-3.0. After 1 h, the final sample was centrifuged and 
supernatant dried in a SpeedVac overnight.
Two dimensional liquid chromatography (2DLC): The dried iTRAQ sample 
was dissolved in 300 μl of loading buffer (20% acetonitril, 10 mM KH2-
PO4, pH 2.9) and loaded into a polysulfoethyl A column (PolyLC). Peptides 
were eluted with a linear gradient of 0-500 mM KCl in 20% acetonitril, 10 
mM KH2PO4, pH 2.9, over 25 min at a flow rate of 50 μl/min. Fractions 
were collected at 1-min intervals. In the second dimensional liquid chro-
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matography separation, peptides were delivered with a FAMOS autosam-
pler at 30 μl/min to a C18 trap column (1 mm x 300 μM i.d. column) and 
separated on an analytical capillary C18 column (150 mm x 100 μm i.d. 
column) at 400 nl/min using the LC-Packing Ultimate system. Peptides 
were separated using linearly increasing concentration of acetonitrile from 
5-50% in 45 min, and to 90% in 5 min. The eluent was mixed with matrix 
(7 mg α-cyano-hydroxycinnaminic acid in 1 ml 50% acetonitrile, 0.1% 
TFA, 10 mM dicitrate ammonium) delivered at a flow rate of 1.5 μl/min 
and deposited off-line to the Applied Biosystems metal target every 15 s 
for a total of 192 spots using a robot (Dionex).
Mass spectrometry (MS/MS): MALDI plates were analyzed on a 4800 pro-
teomics analyzer (Applied Biosystems). Peptide CID was performed at 2 
kV with nitrogen collision gas. MS/MS spectra were collected from 2500 
laser shots. Peptides with signal to noise ratio above 50 at the MS mode 
were selected for MS/MS, at a maximum of 25 MS/MS per spot. The pre-
cursor mass window was set at 200 relative resolution (FWHM).
Protein identification: MS/MS spectra were searched against the rat data-
base (Swissprot and NCBI) using GPS Explorer (Applied Biosystems) and 
Mascot (MatrixScience). Next, a library was generated containing all an-
notated peptides with a confidence interval score (C.I.) higher than 20%. 
Database redundancy and sequence redundancy were removed. Hence, 
quantification was performed only on those peptides that were annotated 
to a single protein, and are referred to as ‘unique peptides’. Only proteins 
identified with ≥ 2 unique peptides, and of which at least one peptide had 
a C.I. ≥ 95%, were selected for quantification and statistical analysis. 
A protein was included if there was one peptide in one experiment, and 
if the other three experiments contained more than 1 peptide from that 
protein. All regulated proteins were analyzed with a large number of pep-
tides, of which the majority was analyzed with high confidence.
Protein quantification: iTRAQ areas (m/z 113-121) were extracted from 
raw spectra and corrected for isotopic overlap using GPS explorer. To com-
pensate for the possible variations in the starting amounts of the samples, 
the individual peak areas of each iTRAQ signature peak were log2 trans-
formed to obtain a normal distribution and then normalized to the mean 
peak area for each sample. Protein abundance per age group was deter-
mined by the average iTRAQ peak area of all unique peptides annotated 
to a protein. In total, the iTRAQ-proteomics experiment was repeated four 
times with independent biological samples.
Immunoblotting: mPFC synaptosomes were isolated from a different group 
of animals (pretreated with nicotine or saline during or following adoles-
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cence). Samples (3 μg) were lysed in Urea lysisbuffer and loaded on an 
8% SDS-PAGE gel. Proteins were blotted onto a PVDF-membrane (Bio-
Rad Laboratories, Hercules, CA). After blocking and incubation of the first 
antibody in PBS-Tween 5% milkpowder ON at 4° C (mGluR2 1:5000 (Ab-
cam), which had been tested for specificity previously(Neki et al, 1996), 
NR1 1:2000 (Millipore), NR2B (Neuromab) 1:1000), the blot was washed 
and incubated for 1 h at RT with goat-α-mouse-AP (GE Healthcare, Di-
egem, Belgium, 1:10,000). Immunodetection was performed using the 
ECF western blotting detection system (GE Healthcare, Diegem, Belgium) 
and blots were scanned with the FLA- 5000 (Fuji Photo Film Corp.). Rela-
tive amounts of immunoreactivity were quantified using ImageJ Software. 
To correct for input differences, the lower half of the same gel was stained 
with Coomassie. 

Electrophysiology 
Five weeks after nicotine or saline exposure (starting at P78 for animals 
exposed during adolescence and at P104 for animals exposed during 
adulthood) rats were decapitated and their brains rapidly removed. Coro-
nal mPFC slices of 300 μm thickness were prepared in ice-cold artificial 
cerebrospinal fluid (ACSF) consisting of 125 mM NaCl, 3 mM KCl, 1.2 mM 
NaH2PO4, 7 mM MgSO4, 0.5 mM CaCl2, 26 mM NaHCO3 and 10 mM D-
glucose. Slices were transferred to holding chambers containing ACSF 
consisting of 125 mM NaCl, 3 mM KCl, 1.2 mM Na2PO4, 1 mM MgSO4, 2 
mM CaCl2, 26mM NaHCO3 and 10 mM glucose, bubbled with carbogen 
gas (95% O2 and 5% CO2).
 Layer V pyramidal cells in the medial PFC were targeted by mor-
phological appearances by infrared differential interference contrast (DIC) 
microscopy. After establishing the whole-cell configuration, action poten-
tial profiles in response to current steps were recorded. Recordings were 
made using Multiclamp 700B amplifier (Axon Instruments, CA), sampled 
at 10 kHz digitized by the pClamp software (Axon), filtered at 3 kHz and 
later analyzed off-line (Igor Pro software, Wavemetrics, Lake Oswego, OR). 
Extracellular stimuli were delivered with intervals of 10 s and controlled 
with a Master-8 stimulator (A.M.P.I., Jerusalem, Israel). Patch pipettes 
(3-4 ΜΩ) with stimulation electrodes positioned in layer II/III at 100-200 
μM from the soma. Cells were filled with intracellular solution containing 
110 mM K-gluconate, 10 mM KCl, 10 mM HEPES, 10 mM K-phosphocre-
atine, 4 mM ATP-Mg, and 0.4 mM GTP, 0.2 mM EGTA, 1 mM QXCl-314, 
biocytin 5 mg/ml (pH adjusted to 7.3 with KOH, 270-280 mOsm). Record-
ings were not compensated for series resistance, but changes in series 
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resistance were continuously monitored and recordings were eliminated 
from analysis if the series resistance exceeded 15 MΩ. All experiments 
were performed at 31–33° C. After recordings, slices were stored in PFA 
(4%) for post-hoc morphological identification of the recorded neurons.
 To isolate excitatory currents GABAA receptors were blocked in 
all experiments by 1 μM solution of gabazine. To estimate the effects of 
mGluR2 activation on EPSCs ASCF containing selective mGluR group II 
agonist LY379268 (5 μM) was bath applied after measuring EPSCs in con-
trol conditions. For the experiments where mEPSCs were measured TTX 
containing ASCF (1 μM) was bath applied. For the short-term plasticity 
and paired-pulse ratio recordings 10 trains of stimuli were delivered for 
each frequency used (inter stimulus intervals were 25 ms, 50 ms, 100 ms, 
150 ms and 200 ms). Depression was estimated by normalizing the aver-
age of last 3 EPSCs in the train to the first one. To estimate the mGluR2/3 
contribution to short-term depression, EPSCs were first measured in con-
trol stimulation, then a selective mGluR group II and III antagonist (RS)-
a-Methyl-4-phosphonophenylglycine (MPPG) was bath applied at 100 or 
200 μM.

5-CSRTT
Experiments were conducted in rat operant chambers with stainless steel 
grid floors (MED-NPW-5L, Med Associates Inc., St. Albans, VT, USA) as 
described elsewhere (van Gaalen et al, 2006b). On-line control of all oper-
ant chambers and data collection were performed using MED-PC version 
IV (Med Associates Inc.). Five sessions were scheduled per week from 
Monday until Friday, one session per day. 
 A more detailed description of training in the 5-CSRTT has been 
reported previously (van Gaalen et al, 2006b). In short, rats were trained 
to detect and respond to a 1 s visual stimulus in either one of 5 apertures, 
during presentation of the stimulus or during the 2 s limited hold period, 
in order to obtain a food reward (45 mg purified precision pellets, BioServ, 
Frenchtyown, NJ, USA). Each session terminated after 100 trials or 30 
min, whichever occurred first. Initially the duration of this stimulus was 32 
s and was gradually decreased to 1 s over sessions until animals reached 
stable baseline performance (accuracy > 80% correct choice and < 20% 
errors of omission). Incorrect, premature responses (responses during 
the 5 s inter-trial interval (ITI)) and errors of omission did not lead to 
the delivery of a food reward and resulted in a 5 s time-out period during 
which the house light was extinguished. Responses during the time-out 
period resulted in a new time-out period. Perseverative responses, i.e. 
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repeated responding into an aperture following correct choice and before 
pellet collection were measured but did not have any programmed con-
sequences. The following behavioral measures were recorded: 1) accu-
racy, ([number correct trials/(correct+incorrect trials)]*100); 2) latency 
of correct responses; 3) number of premature responses; 4) persevera-
tive responses after correct choice; 5) percentage of omissions ([number 
omissions/(correct+incorrect responses+omissions)]*100), and 6) feeder 
latency.

Intracranial infusion of mGluR2/3 ligands
Surgery: Surgery was conducted as described previously (Loos et al, 
2009). Before surgery, rats were trained to perform the 5-CSRTT to base-
line. Five days before surgery operant training was topped and food was 
available ad libitum. Rats were anaesthetized using a combination of xyla-
zine (Rompun; Bayer AG, Leverkussen, Germany; 7 mg/kg i.p.) and ket-
amine (Alfasan; Woerden, the Netherlands; 100 mg/kg, i.m.) and placed 
in a stereotaxic apparatus (Kopf Instruments, Tujunga, CA, USA). A dou-
ble guide cannula (Plastics One, Roanoke, VA, USA) was placed above the 
mPFC according to coordinates derived from Paxinos and Watson(Paxinos 
and Watson, 1998); anteroposterior +3.2 mm from bregma, lateral +/- 
0.75 mm from midline. After surgery rats were housed individually and 
fed ad libitum for one week after which they received 15 retraining ses-
sions. Before the first test with intracranial drug infusions, animals were 
sham-injected by inserting the injector 4.6 mm below the surface of the 
skull (1.9 mm below the cannula).
Drug infusions: Drugs (LY379268 (Tocris, Ellisville, MI, USA) was freshly 
dissolved in sterile saline on the day of infusion. NaOH was added to dis-
solve the drug, and subsequently HCl was added to bring the pH back to 
7.4. On the test day, obturators were removed and a volume of 0.5 μl 
was delivered at a flow rate of 0.25 μl/min using 10 μl Hamilton syringes 
driven by a syringe pump (Harvard apparatus, South Natick, MA, USA). 
Injectors were left in place for an additional minute to allow diffusion. 
Next the obturators were placed back and the rats were put in the operant 
chamber, and after ten minutes, the session began. At least two days with 
at least one training day separated infusion days. For all rats the order of 
infusions was the same: saline, LY379268 0.5 nmol/side, LY379268 5.0 
nmol/side, saline.
Histology: After the intracranial infusion experiments, rats were overdosed 
with pentobarbital (Nembutal), and perfused transcardially 100 ml saline, 
followed by 250 ml 4% paraformaldehyde in 0.1% sodium phophate buf-
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fer. Brains were removed and post fixed for 1 h at room temperature in 
the same fixative and stored in 30% sucrose plus 0.01% sodium azide. 
Next, the brains were sectioned, and stained with Hoechst to verify ana-
tomical placement of the cannulae. 

Statistical analyses
Data on baseline performance in the 5-CSRTT were subjected to repeat-
ed measures analysis of variance (ANOVA) with exposure regimen (age 
and drug) as between-subjects variables and session as within-subject 
variables using the Statistical Package for the Social Sciences version 16 
(SPSS Inc., Chicago, IL, USA). 5-CSRTT data following intracranial injec-
tion of LY379268 were analyzed separately for adolescent nicotine and 
saline exposed animals, using repeated measures ANOVA with dose as 
within-subject variable. Accuracy values were subjected to arcsine trans-
formation to limit the effect of an artificially imposed ceiling (i.e. 100%). 
iTRAQ based proteomics was done in four replicate experiments with in-
dependent biological samples and protein abundance per treatment was 
subjected to two-factor ANOVA with drug (nicotine vs saline) and with-
drawal time (1 day vs 5 weeks) as between-subjects variables. Immu-
noblotting data were analyzed by Student’s t-test per blot (nicotine vs 
saline). 
 Electrophysiological recordings were analyzed using unpaired t-
tests. Short-term plasticity data were subjected to two-factor ANOVA with 
drug (nicotine vs saline) and interstimulus interval (25, 50, 100, 150, 200 
ms) as between-subjects variables
 The homogeneity of variance across groups was determined using 
Mauchly’s test for equal variances and in case of violation of homogeneity, 
Huynh-Feldt corrected degrees of freedom and resulting more conserva-
tive probability values were used for subsequent analyses. In case of 
statistically significant main effects, further post hoc comparisons were 
conducted using Student-Newman-Keuls or paired t-tests. The level of 
probability for statistically significant effects was set at 0.05.




